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Abstract
Global attention is currently focussed on developing techniques to improve the thermal performance of
buildings to provide indoor comfort with minimum reliance on energy load. Several studies have inves-
tigated building facade, materials used and other factors involved in building design. The aim of this
study is to examine the impact of thermal insulation, shading devices, window-to-wall ratio (WWR) and
a combination of these factors in a prototype school building design in the warm climate city of
Taif, Saudi Arabia. The study used various methods classified into two main phases. The first phase
involved on-site observation where both thermal imaging and regular cameras were used to examine
the influence of orientation on glazing as a baseline. The second phase involved advanced software
investigations with 2D AutoCAD, 3D Revit and computer modelling for energy evaluation and daylight
factor. A detailed framework was introduced to examine current school buildings and to improve the
future designs of prototype school buildings. The study revealed that a combination of applying thermal
insulation along with minimising WWR is required in existing buildings within hot and dry regions.
Furthermore, it was recommended that WWR should not exceed 35%, 25% and 20% for northwest,
southeast and southwest building facades, respectively.
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Introduction
Buildings should be designed with their microclimate
conditions considered. This ensures high energy perfor-
mance with minimum reliance on energy loads.
The kingdom of Saudi Arabia announced and estab-
lished ‘Vision 2030’ in 20161 aimed at improving
the performance of buildings associated with occupant
discomfort. In order to ensure a significant impact,
only existing buildings were considered as they con-
sume significantly greater energy than new buildings.
With respect to schools in Saudi Arabia, there was an
educational boom from 1975 to 1985 due to increases
in student enrolment as well as rapid increases in oil
production. The government provided full support to
the education sector, and several programmes were
announced such as the education plan in 1970 and
public private partnership (PPP) planning for the
purpose of school building development across
the kingdom. Over the past 40 years, the number of
students enrolled has increased from 300,000 to five
million in 2004. Additionally, the number of schools
has increased from 3283 in 1970 to 30,414 in 2004.2
Thus, there was a rapid increase in school building
demands to satisfy the needs of the nation. Figure 1
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displays the rapid improvement in the design of school
buildings in Saudi Arabia over the past 50 years.
Thermal insulation is a key strategy for efficient
buildings,4–11 especially in extreme climates where out-
door temperatures vary widely. Material density is
strongly linked to its thermal conductivity,12 and
increases in insulation leads to a decrease in thermal
conductivity (k-value). Thermal insulation is used in
various climatic regions across the world with specific
focus on its influence on energy loads.11 However, the
reductions in energy loads are associated with the
thickness of the thermal insulation.13 Thermal insula-
tion thickness cannot be selected arbitrarily as it affects
the cost of building construction.8 Thus, there should
be an optimum thickness wherein the cost and perfor-
mance are acceptable. In warm regions, such as those
in the present study, the optimum orientation thick-
nesses of the thermal insulations corresponded to 3.6
cm, 3.1 cm, 4 cm and 4 cm in the south, north, east and
west directions, respectively.14 Furthermore, the study
revealed that external thermal insulation was more
beneficial than applying it to the middle of the external
wall. This aided in controlling moisture and thermal
bridges, and also the use of thermal mass techniques.
This supports the strategy in the current study wherein
thermal insulation is applied on the outer surfaces of
the existing schools. Other studies suggest that it is dif-
ficult to apply this strategy due to the increased costs
with insulation of higher floors.6 Nevertheless, some
studies contradict this. For example, it was found
that thermal insulation within the inner surface was
better for ensuring energy performance.15 For the cli-
mate of Saudi Arabia, the optimum thickness of ther-
mal insulation applied to the outer surface of an
external wall was in the range of 5 to 10 cm.15
Another study supported this. Saleh16 investigated the
impact of insulation configuration on the annual cool-
ing load in the city of Riyadh. He found that outer
application of insulation was more beneficial than
inner insulation, and for intermittent cooling opera-
tions.17,18 Thermal insulation was more efficient when
it was applied into internal cavities of external walls.
As such, it can be observed that in intermittent cooling
regions, internal thermal insulation is more preferable,
while in continuous cooling operation external thermal
insulation is more effective.
Alwetaishi19 investigated the influence of window-
to-wall ratio (WWR) in various climatic regions in
Saudi Arabia. The results indicated that WWR in hot
dry or hot humid climates should not exceed 10% in all
directions due to the harshness of the climate, while the
WWR ranges can be as high as 20% in moderate cli-
mates. A study in a similar climate in Libya20 examined
the impact of WWR in cold and hot periods. The study
highlighted that the influence of increasing WWR on
the southern side caused increases in the cooling load in
Figure 1. Prototype development of school building in Saudi Arabia over the past 50 years.3
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summer and nearly zero loads of heating in winter.
Thus, each direction should exhibit various WWRs
based on the local climate. Irrespective of the climate,
WWR should be fully considered as it affects the energy
loads in both cold and hot regions. A study21 indicated
that a single-glazed window exhibited a greater impact
on the energy load than any other element in a building,
while low-emissivity or hollow glass windows can signif-
icantly improve the life-cycle energy performance.
Furthermore, WWR should be fully considered as it
also affects the total energy load even in cold
climates.22,23
This study focuses on the energy performance of a
school building and especially on energy loads, build-
ing envelope, and WWR in hot and dry climates. The
study used different methods to enhance the frame-
work and findings. On-site observations were con-
ducted via a thermal imaging camera with grid
infrared temperature measurements. Additionally,
TAS Environmental Design Solutions Limited
(EDSL) was used to predict the energy loads in the
school. This is well-known software that has been
used in several studies in various countries, including
Saudi Arabia,24 Singapore,25 Austria,26 Italy,27,28
Chile,29 Poland,30 United Kingdom31,32 and Turkey.33
The main aim of the study was to produce a guideline
for the Ministry of Education to improve current and
future school buildings.
Local climate condition and context
of case study
The climate of Taif City is considered as hot and dry.
The hot climate in summer in the city is as harsh as
other parts of the kingdom of Saudi Arabia. It exhibits
an average temperature in mid-30s during day time and
a cold climate during winter time. Furthermore, it has a
considerably warm to moderate climate in both spring
and autumn (Figure 2). The local climate arises due to
the high mountainous location of the city, which lies on
Hada Mountain at 1700 m above sea level. The city
elevation increases further south and west and
decreases to the east and north. With respect to the
cultural context of Saudi Arabia, individuals prefer
using air conditioning irrespective of the microclimate
condition of the city. A few individuals prefer to not
use it in work places and offices. However, given the
high amount of occupant heat gain in classrooms, the
need for air conditioning systems is significant, espe-
cially in the summer.
Problem description
School buildings in the kingdom of Saudi Arabia are in
the form of prototype school building designs (PSBD)
of the late 19th century (Figure 1). The same design is
repeated in all cities and towns across the region, irre-
spective of the local climatic condition. Thus, any
errors in the design stage are significant due to the
large number of school buildings. In the first group
of PSBD, there are 14 schools, and none of them
have given attention towards sustainable design fea-
tures, such as orientation, optimal glazing ratio, use
of thermal insulation and shading devices. One of
most important and widespread designs corresponds
to the case study of this research. This was selected
because it is the most popular school building design
in the kingdom. The aim of this study was to provide a
validated framework for the Ministry to improve
20
30
40
50
60
70
0
6
12
18
24
30
36
42
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
°
C
Max temp Min temp
Average temp RH
RH%
 %
0
5
10
15
20
25
30
35
40
0
2
4
6
8
10
12
14
16
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
hr
s.
day-length Precipitaon
precipitaon,  m
m
0
50
100
150
200
250
300
350
400
450
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Ded
[W
/m
2 ]
Bhhor Dhhor
precipitaon,  m
m
(a)
(b)
(c)
Figure 2. Climate of Taif City, reproduced from the epw
file derived from the Meteonorm site34: (a) fluctuations of
outdoor temperature and relative humidity; (b) day length
and precipitation; (c) direct and diffused radiation, where
Bhhor is mean irradiance of beam with high horizon, and
Dhhor is the mean irradiance of diffuse radiation horizontal
with high horizon.
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future PSBD in Saudi Arabia. Furthermore, in the
short term, the study aimed to propose a framework
that can be implemented in current schools to improve
their energy performances because focusing only on
new schools will not significantly impact the actual
energy consumption in the educational sector. A very
limited extant study examined school buildings in the
kingdom by considering other prototypes such as
design numbers 11 and 14 which are considered as
latest designed schools in Saudi Arabia Figure 1, for
instance, shows design number 11 which appeared after
the year of 2000, in comparison with traditional
schools in various climatic regions.2,35
Case study and site observations
The school was designed with single cavity walls and
includes elementary, intermediate and high school clas-
ses. However, it is usually only used for one class level
(perspectives shown in Figure 3). The version of the
school is considerably old and includes new architec-
tural drawings from the ministry of education. Thus, a
contribution of the study involves re-producing all the
architectural and surveying drawings (Figure 4). The
school was visited to determine the base case condition.
This included obtaining photos of students while wear-
ing different clothing items (Figure 5) and obtaining
actual/thermal images of the glazing (Figure 6).
The school was visited several times in the winter of
2017, between 8 and 22 January, to obtain measure-
ments for architectural drawings, and to determine
the level of glazing at different orientations. It was
conducted on a daily basis from 8 am to 4 pm.
Figure 6 shows that southwest glazing in classroom
number 2 exceeded 50C at 8 am, due to the incidence
of direct solar radiation. Furthermore, the users of the
school reacted by covering the inner surface of
the classroom with black sheets to attempt to block
the sunlight and reduce the glare. However, black
colour sheets absorbed heat and thus the situation
was worsened. Conversely, it was observed from meas-
urements (Figure 6) that a northwest facing classroom
exhibited a maximum of 32.5C, at the same time and
indicating the effect of orientation. These measure-
ments included dry bulb temperatures, relative humid-
ities and surface temperatures (Figure 7). All
classrooms should be treated by a suitable shading
technique considering the orientation. Taif City is
located in the mountains of Saudi Arabia and exhibits
a cool climate in winter and a hot climate in summer.
However, high solar radiation affects the area.
Thus, an appropriate WWR should be applied to the
school. Alwetaishi19 highlighted that WWR should not
exceed 20% in all directions in a moderate climate to
reduce heat loss and gain in the building. In the school,
WWR was significantly high at 20%. Two main treat-
ments were applied to affect the building design after
the completion of construction. The first one involved
controlling direct sunlight with either internal or exter-
nal shades, and the other involved minimising the area
of glazing via shutters to obtain a 50% reduction in
WWR. Black sheets should be banned in all schools
in Saudi as this phenomenon was noticed in other
schools based on previous studies.24 Both treatments
did not affect daylight as the amount of solar radiation
was extremely high at the base study location.
Methodology
The major method used in the study was the energy per-
formance tool known as TAS EDSL (Table 1 presents a
description of all tools and equipment used in the study).
The software was used with the school model twice.
The first use was for a free-running building (Baseline
case) in order to study the existing performance of the
school (Figure 8) while the second use was to determine
the energy consumption of classrooms based on internal
conditions of temperature between 19C and 24C. The
study was not limited to software packages (Figure 7
shows the flow of the study). The methodology of the
study was divided into three main stages.
• The first stage was related to site observation where
normal and thermal cameras were used to
Figure 3. Perspectives of the school: (a) perspective from Revit Autodesk; (b) rendered TAS 3D image taken from daylight
viewer with actual shading on 21 June at 4 pm; (c) typical TAS 3D Modeller.
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Figure 4. Architectural drawings of the case study with detailed dimensions (m) of a prototype classroom.
Figure 5. Site observations of the school: (a) the research team explaining the visit and measurement, (b) a view of one of the
classrooms, and (c) the northeast orientation of the school.
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investigate the performance of the glazing for vari-
ous orientations and time intervals. Two times were
selected, 8:30 am and 4:30 pm, which were the start
and the end of the school day, to reflect the mini-
mum and maximum of amount of solar radiation to
the school. When using the thermal imaging camera,
an infrared thermometer was also used for compar-
ison (Figure 6).
Case study of classrooms was based on orientation
and availability as not all spaces in the school were
available during scheduled visits. There are three ori-
entations with three classrooms, CL 1_A for northwest,
CL 2_A for southeast and CL 31 for southwest
(Figure 6). It was not possible to pick up a single ori-
entation due to the tilted layout of school building.
• The second stage involved using advanced modelling
and energy tools to produce a daylight analysis.
• The final stage considered building modification
and involved investigating three different models
and techniques, which compared the baseline
case with cases where thermal insulation was
applied to outer surfaces or the glazing-to-wall
ratio was minimised (properties used are listed
in Table 3).
Figure 6. Glazing site observation using normal camera, thermal camera and infrared surface temperatures: (a) denotes
classroom (CR) 1_A at 8:30 am, (b) denotes CR 1_A at 4:30 pm, (c) denotes CR_31 at 8:30 am, and (d) denotes CR_31 at 4:30
pm in winter.
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Results and discussion
The importance of this study is in its provision of a
framework for the Ministry of Education in the
region; to determine the framework on usage of ther-
mal insulation and appropriate selection of WWR and
orientation. Cooling load is a key consideration in
climate-responsive buildings. With the aid of improved
building fabrication, a reduction of 30 to 45% of the
total energy cooling load was possible (Figures 9
and 10). Figure 10 presents cooling loads for both exist-
ing and improved building fabrication, the improved
energy load is the bold/hatched bars as they can be
seen in the figure. Summer saving was greater than
winter saving. This was due to excessive high outdoor
temperatures in summer and autumn. In addition,
when insulation was used in the proposed external
walls, there was a large impact on total U-value, see
comparison given in Tables 2 and 3, where it dropped
from 3.15 to only 0.32 W/m2K. Such improvement is
attributed to thermal insulation, which aided external
wall energy efficiency. In the southwest facing class-
room (Figure 8), temperatures were surprisingly
higher in autumn than in summer. This was due to
the lower angle of sunlight that enabled more direct
solar heat gain in this period. Figure 8 supports this
Table 1. Description of tools and equipment used in the study.
Tool/equipment Manufacturer Purpose Country
Infrared thermometer Ashby Technical
Products (ATP)
To measure surface temperature at a select-
ed point
UK
Thermal imaging camera Forward Looking Infrared
Radiometer (FLIR)
To measure surface temperature distribution
by colours
USA
AutoCAD Autodesk Creating 2D files to be exported by DWG into
TAS EDSL
USA
Revit Autodesk Creating 3D files to be exported by gbXML
into TAS EDSL
USA
TAS EDSL For building energy simulation and
day lighting
UK
Figure 7. Flow chart of the research methodology.
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and shows the higher amount of solar heat gain in
autumn, and hence this orientation should be protected
by either shading devices or minimising WWR.
The main aim of the study was to determine those
aspects that impact the performance of the current
school building design. Also, building modifications
were considered, such as applying 90 mm of thermal
insulation to the outer surface of the external wall of
the school building and minimising WWR, which
was observed as fundamental (Figures 10 and 11).
These modifications were selected as it is possible to
apply them into existing buildings. Moreover, they
have clear impact on energy saving in buildings based
on previous publications.16,36–38 Several previous stud-
ies have considered applying thermal insulation on the
outer surface of an external wall,36 although a few stud-
ies consider that it should be applied in the middle of
the external wall.14 One study6 focused on the difficulty
of applying insulation on the outer surfaces of high-rise
buildings. It is easier to apply insulation either to the
internal or the external wall in existing buildings.
The position selected for thermal insulation within
the external wall depends greatly on the climatic
conditions.39 For regions with continuous cooling
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loads, external insulation is more advisable.16,37
Additionally, in the US six different climatic conditions
were investigated38 and it was found that external insu-
lation was more effective than internal. In locations
where there is a need for both cooling and heating
demands,40 researchers found that external insulation
outperformed internal by 2 to 11%. In contrast, Bojic13
who investigated the annual estimation of cooling load
in high rise building in Hong Kong and found other-
wise. The maximum cooling load was observed when
Figure 9. Current cooling loads (W) of selected classrooms in the school.
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the thermal insulation installed on the outside of exter-
nal wall, while a reduction of 6.8% was achieved when
the thermal insulation installed on inside wall. Based
on previous findings, the internal insulation is consid-
ered more suitable for intermittent cooling regions,
while external insulation is more suitable for regions
with continuous cooling. This is shown in the present
study where the indoor air temperatures were almost
constant and ranged from 21C to 25C during the day
in winter and approximately 30C in summer in
Figure 10. Improved fabrication cooling load for energy saving (W) in comparison with the base case, where the bold/
hatching bars are the improved fabrication distribution.
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northwest facing classroom (Figure 8). Also, applying
thermal insulation to the outer surface of an external
wall would require protection from the outdoor envi-
ronment, and this would increase the cost of
construction.
In terms of solar radiation penetration through the
glazing assembly, minimising WWR is an effective pas-
sive approach to reduce the amount of cooling load
sharply (Figure 11). WWR would decrease the maxi-
mum load by more than 100% for the southwest facing
classroom in summer from just 2000 W up to 4500 W
with 90% WWR (Figure 11(c)). This shows that reduc-
tion in WWR is an effective method to control access
of solar radiation in hot and dry regions. The indoor
air temperature was an important indicator of how the
indoor environment could provide thermal comfort41
as well as determining energy loads based on the same.
The analysis and discussion suggested that the combi-
nation of all building modifications and application
was an effective method to improve the thermal and
energy performance of existing buildings in hot and dry
regions. The combination model was even below the
thermal comfort zone3 in a study performed in Saudi
Arabia in which the thermal comfort zone was
designed and developed with a reference to a hot and
humid climate in Saudi Arabia. As a passive technique,
Table 2. Properties of the base case model of the school.
Layers Width (mm)
Conductivity
(W/mK)
Total U value
(W/m2K)
External wall Block 200 1.31 3.15
Internal wall Block 100 1.31 4.0
Floor Concrete screed 50.0 1.28 0.316
Concrete 125.0 0.87
Crashed brick aggregate 75.0 0.55
Sand dry 1000.0 0.32
Roof Concrete 100 0.3 0.274
Roofing felt layer 5.0 0.41
Grey slate 10.0 2.0
Glazing type
Glazing
Type of
glazing Width mm
Solar
reflectance
Solar
absorbance
Solar
transmittance Emissivity
Total U value
(W/m2K)
Single 10.00 0.070 0.115 0.7 0.845 5.53
Table 3. Properties of the proposed model.
Layers Width (mm)
Conductivity
(W/mK)
Total U value
(W/m2K)
External wall Block 100 1.31 0.32
Insulation 90 0.048
Block 100 1.31
Internal wall Block 100 1.31 4.0
Floor Concrete screed 50.0 1.28 0.316
Concrete 125.0 0.87
Crashed brick aggregate 75.0 0.55
Sand dry 1000.0 0.32
Roof Concrete 100 0.3 0.274
Roofing felt layer 5.0 0.41
Grey slate 10.0 2.0
Glazing type
Glazing
Type of
glazing Width mm
Solar
reflectance
Solar
absorptance
Solar
transmittance Emissivity
Total U
value (W/m2K)
Single 10.00 0.070 0.115 0.7 0.845 5.53
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thermal insulation significantly impacts indoor air tem-
perature in winter and summer. Additionally, the com-
bination of adding thermal insulation applied to
external wall as well as minimising the WWR could
provide the ultimate strategy to control both indoor
temperatures with an amount of solar radiation that
exhibits a strong correlation with solar glare comfort.
Figure 12 presents the maximum WWR with respect
to various orientations. The figure was derived by pre-
senting maximum and minimum levels of solar gain,
indoor air temperatures, accessed sunlight and heat
flux which are all calculated from TAS EDSL and
TAS daylight analysis. The major concern with respect
to energy consumption in this region is the cooling
Figure 11. Peaks of cooling loads in the selected classrooms of insulated design of the school with various orientations and
seasons: (a) winter, (b) spring, (c) summer and (d) autumn, with WWR ranging from 10% to 90%, results obtained from TAS
EDSL and TAS daylight analysis.
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since there is no heating demand even in winter. Thus,
Figure 11 shows the maximum value of cooling loads in
each season along with minimum and maximum values
of daylight factor. According to CIBSE guide,42 the
daylight factor should not be less than 2% and
should not exceed 5% inside a room for normal activi-
ties without relying on artificial light. As noted, each
season has a preferable WWR which was indicated by
the curves in back colour (Figure 11). The criterion is to
maintain adequate daylight to minimise the maximum
cooling load. For instance, for northwest facing room,
35% of WWR is recommended. This is due to the over-
all recommended ratio derived from the same figure.
Although in winter and summer WWR can be as high
Figure 12. Framework plotting of a suitable window-to-wall ratios for various orientations.
Table 4. Tabulated findings and summary of the framework.
Techniques Recommendations Design Notes/comments
Thermal
insulation
Thermal insulation should be
applied to the outer surface of
external walls and especially in
southern associated facing
classrooms including south,
southwest, and southeast.
Northern facings are left as they
involve minimising the cost of
modification
• 5–10 cm of thermal
insulation to be
applied on the outer
surface of exter-
nal walls
• Thermal conductivity
is recommended as
0.050 and lower
W/mK
Combination of applying thermal
insulation with controlling
WWR is the most appropriate
technique in existing buildings
Window-to-
wall ratio
1. Northwest facing should not
exceed 35%
2. Southwest facing should
exceed 20%
3. Southeast facing should not
exceed 25%
– Is the most effective approach in
conjunction with the applica-
tion of thermal insulation
Combination of
two strategies
It was observed as the most effec-
tive as all strategies
were applied
– Thermal comfort zone in winter
was below comfort zone3
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as nearly 50%, which has to be minimised due to
summer and autumn recommended ratio which should
not exceeds 20%. This recommended WWR is based on
preferable maximum values of WWR. However, it can
be lower than this.
Based on previous findings and discussions and the
peak of cooling load with various WWR, as shown in
Figure 11 combined with maximum and minimum
values of daylight factors, the northwest facing rooms
would exhibit higher WWR requirement (not exceeding
35%) while the southwest room was observed to exhib-
it the lowest WWR not exceeding 20%. These findings
are more detailed and descriptive than the recommen-
dations24 wherein an outline of the WWR was pre-
sented by considering suggested WWR in various
climatic regions. However, both results are compatible
and consistent. This can be seen in the correlation
between cooling loads presented in Figure 11 and all
elements presented in Figure 12, including solar gain
and indoor air temperatures. As a result, an overview
of both figures is presented in Table 4, indicating gen-
eral recommendations, design and comments.
Conclusions
The study investigated several techniques including
building envelope, WWR and orientation to provide
a framework for prototype school building design in
Saudi Arabia with respect to hot and dry climates.
The study used different software to provide detailed
sunlight reflection including AutoCAD, Revit and TAS
EDSL. Furthermore, on-site observations were also
conducted relative to the feasibility and data collec-
tions. Another method was also used, namely thermal
imaging camera to examine the impact of orientation
and WWR on internal glazing temperature distribu-
tions. As the building is part of the prototype school
design in Saudi Arabia, the study proposed implemen-
tations for existing school buildings, and thus all sug-
gested modifications will be potentially applied even
after completion of building construction. With respect
to the impact of orientation, the results indicate that
orientation could significantly affect thermal perfor-
mance especially in southern associated facing rooms,
such as south, southwest and southeast. Thus, it is
suggested that WWR of classrooms facing southwest
and southeast should not exceed 20% and 25%, respec-
tively. Conversely, northwest facing classrooms can
have WWR up to 35%, due to significantly lower
direct solar gain. One of the most important findings
of the study is that WWR is an effective approach in
passive design that can be applied to existing buildings
and especially in hot regions. In order to maximise the
effectiveness of WWR, a thermal insulation of the
order of 5–10 cm should be applied to the outer surface
of an existing building. However, this will require pro-
tection of insulation from the outdoor environment
with an increased cost of construction.
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